Introduction {#sec1}
============

Therapeutic cancer vaccines designed to induce or augment anticancer T cell responses have shown clinical benefits in many phase I/II studies.^[@ref1]^ However, the clinical efficacy of cancer vaccines remains modest in comparison with other immunotherapies such as checkpoint blockades and adoptive T cell therapies.^[@ref2]^ Cancer vaccines targeting antigens derived from random somatic mutations in tumor cells but not present in normal cells, termed neoantigens, have recently been developed as a personalized immunotherapy and shown great promise in the treatment of late-stage melanoma.^[@ref3]−[@ref5]^ Compared to self-antigens, neoantigens could be recognized as nonself by the host immune system and are thus attractive targets for immunotherapies with potentially increased specificity, efficacy, and safety.^[@ref6]−[@ref8]^ However, the elicited anticancer T cell response by current neoantigen-based vaccines is in general weak and short-lived partially due to the lack of a versatile and highly effective delivery platform that can be facilely adapted for vastly diverse neoepitopes identified from individual patients.

Synthetic peptide is the most commonly used form of neoepitopes in cancer vaccines given its direct function as pivotal T cell epitope with high efficiency of antigen processing by antigen presenting cells (APCs),^[@ref9],[@ref10]^ low cost, ease of synthesis, and good stability *in vivo*.^[@ref11]^ However, there are two major challenges in the delivery of peptide-based cancer vaccines. One is targeting antigens in tandem with suitable adjuvants to secondary lymphoid organs, such as lymph nodes (LNs), to facilitate robust antigen capture and processing by professional APCs, such as dendritic cells (DCs). Parenterally injected soluble peptide antigens or adjuvant molecules quickly disseminate into the systemic circulation due to the small sizes and show very poor accumulation in LNs leading to limited immune responses.^[@ref12],[@ref13]^ Moreover, soluble molecular adjuvants administered subcutaneously often result in significant local or systemic inflammatory toxicities.^[@ref14]^ Another major challenge in cancer vaccine delivery is to elicit robust cytotoxic CD8^+^ T cell responses, which are essential for eradicating tumor cells through orchestrating with CD4^+^ T cell responses.^[@ref15],[@ref16]^ Soluble subunit antigens acquired by DCs from the extracellular environment are internalized into endolysosomal compartments and loaded almost exclusively onto major histocompatibility complex (MHC) class II molecules for the presentation to CD4^+^ helper T cells. Typically, only antigens located in the cytosol can be loaded onto MHC class I molecules for the presentation to CD8^+^ killer T cells, a process termed cross-presentation.^[@ref17]^ Thus, it is critical to control the intracellular pathways of captured antigens for enhanced cross-presentation.

Here, we demonstrate a new and versatile approach to address the major challenges in neoantigen cancer vaccine delivery by "polymerizing" the neoepitopes through a reversible polycondensation reaction. Using synthetic long peptide (SLP) bearing a neoepitope and multiple amino groups as one monomer (monomer A) mixed with another reactive bifunctional monomer (monomer B), we prepared a polycondensate neoepitope (PNE) with controlled sizes and responsiveness ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), which showed superior LN targeting compared to monomeric SLP. Molecularly defined adjuvants, such as toll-like receptor (TLR) ligands that bear amino groups, were copolymerized for the codelivery with antigens to LNs for efficient activation of APCs. Upon internalization by APCs, PNE released neoepitopes rapidly in response to intracellular reduction activity facilitating the endosomal escape and cytosol delivery of peptide antigens and markedly promoted the cross-presentation. We found PNE elicited potent antigen-specific CD8^+^ T cell responses in immunized mice and expanded the effector memory CD8^+^ T (T~EM~) cells to 22.8-fold greater number than the vaccine of equivalent dose delivered by Montanide emulsion (arguably the most potent vaccine adjuvant used in the clinic to date^[@ref18]−[@ref20]^), therefore enabling markedly enhanced antitumor efficacy in a prophylactic mouse model.

![Schematic Illustration of the Synthesis, Responsive Release, and *in Vivo* Fate of Polycondensate Neoepitope (PNE) Vaccines\
DMSO, dimethylsulfoxide; TEA, triethylamine.](oc9b01174_0005){#sch1}

Results and Discussion {#sec2}
======================

Molecular weight (MW) has been reported as a key factor that determines the passive distribution of proteins to blood circulation versus lymphatic circulation upon parenteral injections.^[@ref21],[@ref22]^ Soluble peptide antigens and molecular adjuvants typically have MW \< 5k Da and quickly get cleared into the systemic circulation due to the small sizes eliciting minimum immune responses.^[@ref23]^ In order to increase the MW and size to target lymphoid organs, we sought to copolymerize the SLP neoantigens and adjuvants through a reversible polycondensation reaction as illustrated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. To prove the concept, we first used a SLP containing SIINFEKL (SII), the CD8 epitope of ovalbumin (OVA), as a model neoantigen (LEQ, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1; the detailed composition and reaction conditions are listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)), which was modified with multiple amino groups by adding flanking lysine residues (monomer A, [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). An amino-reactive bifunctional monomer B bearing a disulfide and two *N*-hydroxysuccinimide (NHS) groups (Mon~red~) was synthesized for the polycondensation reaction ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}; [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)). We first mixed monomer A (SLP only), and monomer B in anhydrous dimethyl sulfoxide (DMSO), to prepare the PNE with responsiveness to reduction activity. Triethylamine (TEA) was added as a catalyzer to initiate the polycondensation. The PNE(LEQ) polymer was successfully prepared as evidenced by broadened peaks as compared to the peptide monomer in a ^1^H NMR spectrum ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)) and MW increase shown in traces in ultra-high-performance liquid chromatography (UHPLC) equipped with a size-exclusion chromatography (SEC) column ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). PNE(LEQ) exhibited an average hydrodynamic diameter of 8.14 ± 1.54 nm characterized by dynamic light scattering (DLS) and transmission electron microscopy (TEM) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1; [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf), entry 1; [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)).

###### Physicochemical Properties of PNE Vaccines

                             monomer A                                                                                                      
  --- ---------------------- ----------------------------- ------------------------------------- ------------------------------------------ --------------
  1   PNE(LEQ)               LEQLE[SIINFEKL]{.ul}K~5~                                            Mon~red~                                   8.14 ± 1.54
  2   PNE(LEQ-Pam)           LEQLE[SIINFEKL]{.ul}K~5~      Pam~3~CSK~4~                          Mon~red~                                   16.69 ± 3.14
  3   Nondeg. PNE(LEQ-Pam)   LEQLE[SIINFEKL]{.ul}K~5~      Pam~3~CSK~4~                          Mon~BS3~[b](#t1fn2){ref-type="table-fn"}   45.97 ± 5.70
  4   PNE(LEQLEK~5~-Pam)     LEQLEK~5~AAY[SIINFEKL]{.ul}   Pam~3~CSK~4~                          Mon~red~                                   13.62 ± 1.41
  5   PNE(K~5~LEQ-Pam)       K~5~LEQLEAAY[SIINFEKL]{.ul}   Pam~3~CSK~4~                          Mon~red~                                   21.32 ± 3.04
  6   PNE(ELE-Pam)           ELEK~5~AAY[ASMTNMELM]{.ul}    Pam~3~CSK~4~                          Mon~red~                                   12.48 ± 1.06
  7   PNE(CSV)               C[SVYDFFVWL]{.ul}K~5~                                               Mon~red~                                   8.90 ± 1.10
  8   PNE(CLC)               C[LCPGNKYEM]{.ul}K~5~                                               Mon~red~                                   7.40 ± 1.10
  9   PNE(LEQ-CpG)           LEQLE[SIINFEKL]{.ul}K~5~      CpG[c](#t1fn3){ref-type="table-fn"}   Mon~red~                                   24.97 ± 4.40

Diameters of the PNEs were characterized by DLS.

Mon~BS3~: bis(sulfosuccinimidyl)suberate.

Amino-functionalized CpG (5′-/5AmMC6/TCCATGACGTTCCTGACGTT/3AmMO/-3).

![Characterizations of PNE vaccines. (A) UHPLC-SEC traces of LEQ, Pam, PNE(LEQ), and PNE(LEQ-Pam), detected by UV adsorption at a wavelength of 220 nm. (B) Size and size distribution measurement of PNE(LEQ-Pam) by DLS. (C) TEM imaging of PNE(LEQ-Pam). (D) Scheme of the redox-responsive release of antigens or adjuvants from PNE(LEQ-Pam). (E) Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometric analysis of native and released LEQ from PNE(LEQ-Pam). (F) Release kinetics of LEQ from PNEs in the presence or absence of a reducing agent DTT (2 mM).](oc9b01174_0001){#fig1}

Codelivery of antigens and adjuvants to the same endosomal/phagosomal compartment of an APC has been shown to be essential for physically instructing DCs to present the foreign antigens.^[@ref24]^ We next copolymerized LEQ and Pam~3~CSK~4~ (Pam), a TLR1/2 agonist as a molecular adjuvant, with Mon~red~ forming a self-adjuvanted PNE(LEQ-Pam) ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Pam was selected as it bears multiple amino groups facilitating the direct polycondensation with Mon~red~ and has been shown to potently amplify T cell priming when conjugated with peptides.^[@ref25]−[@ref28]^ PNE(LEQ-Pam) showed increased MW compared to the monomers as observed in both characterizations of UHPLC-SEC ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and gel permeation chromatography (GPC) ([Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)) suggesting the successful copolymerization. Further, a negligible amount of both monomers (LEQ and Pam) was detected by HPLC equipped with a C18 column ([Figure S4B,C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)) or sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)) indicating a quantitative monomer conversion. Together, \>99% incorporation efficiency and remarkably high loading capacity of cargos (∼46.4% of dry weight was LEQ, and 7.9% was Pam, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf), entry 2) have been achieved with the PNE platform. In addition, the as-prepared PNE(LEQ-Pam) had a relatively homogeneous size with a mean hydrodynamic diameter of 16.69 ± 3.14 nm ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B,C)

PNE was designed to be degraded in response to intracellular reduction activity facilitating a traceless release of intact peptide antigens through a self-immolative reaction ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D) for unaltered processing and presentation of the designed subunit antigens. Released LEQ peptide from PNE(LEQ-Pam) shared the same MW as the original LEQ peptide providing the evidence of releasing unmodified peptide antigens without any residue chemical groups ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E). Consistent with the expectations, reducing agents, such as dithiothreitol (DTT), accelerated the release of LEQ from the PNE at both room temperature (rt) and 37 °C ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F), whereas PNE prepared with a nondegradable monomer B (nondeg. PNE(LEQ-Pam)) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 3; [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)) showed no detectable release of antigens even in the presence of DTT. The intracellular traceless release of antigens could be important for the efficient antigen processing and presentation by DCs.^[@ref29]^

To test the versatility, we have extended the preparation of PNEs to a number of SLP antigens with diverse structures and properties including neoantigens identified from mouse tumors ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}; [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)). In the design of those SLPs containing neoepitopes, the flanking sequence of negatively charged glutamic acid residues was added to balance the overall charge, and a proteolytic spacer (AAY) was added next to the epitope to ensure the correct antigen processing and presentation.^[@ref30]^ We found that the successful formation of PNEs was independent of the sequence or the position of flanking amino acids next to the epitope ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 2, 4, and 5), or the sequence of epitope itself ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 2 and 6--8; including neoantigens identified from MC38 murine colorectal cancer or B16F10 murine melanoma), or the adjuvant molecules ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 2 and 9; triacylated lipopeptide Pam can be replaced by amino-functionalized CpG oligodeoxynucleotide). Depending on the properties of SLP antigens and adjuvants, the PNE synthesis could be done in DMSO ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf), entries 1, 2, 5, and 6) or aqueous solution ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf), entries 3, 4, and 7--9). The amino group was chosen as the chemical handle for the polycondensation due to the ease of adding flanking lysines during the peptide synthesis without significantly changing the properties of SLPs. The amino-NHS conjugation-based polycondensation was rapid and highly efficient in DMSO or aqueous solution at ambient conditions providing PNE a highly versatile and potentially scalable platform for diverse epitopes.

We next investigated the targeting efficiency of the responsive PNEs to LNs. Free SLP, adjuvant, or the mixture of the two in the presence or absence of Montanide, or PNE(LEQ-Pam) labeled with equivalent amount of fluorescence dye Alexa Fluor 647 was injected subcutaneously into C57BL/6 mice at the tail base. Then, 24 h later, the draining LNs were excised for whole-tissue fluorescence imaging and measurement. Monomeric SLP or adjuvant or the simple mixture of the two showed limited accumulation in LNs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B). The formulation of LEQ+Pam in Montanide ((LEQ+Pam)-Montanide) did not improve the LN targeting of the vaccine. By contrast, vaccine delivered by PNE exhibited remarkably high LN accumulation reaching a level that was 10.2-, 7.6-, and 5.5-fold greater than free SLP, adjuvant, and the simple mixture of the two, respectively. Additionally, PNE(LEQ) without adjuvant exhibited similar LN targeting ability as the one with adjuvant ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)). The efficient and fast (within 24 h) LN targeting of PNE can be attributed to the well-controlled small size (∼20 nm in diameter), which permits the rapid trafficking to lymphoid organs through the afferent lymph.^[@ref13],[@ref22],[@ref31],[@ref32]^

![Lymph node (LN) and DC targeting of PNE(LEQ-Pam) vaccines *in vivo*. (A) IVIS fluorescence imaging and (B) quantification of inguinal LNs excised from mice treated with various vaccines. (C) MFI of fluorescence signal in vaccines that were internalized by DCs in the inguinal LNs. (D) Representative flow cytometry histograms of Alexa Fluor 488 labeled vaccines that were internalized by BMDCs. (E). MFI of internalized vaccine formulations by BMDCs. (F) Confocal microscopy images of BMDCs antigen uptake. Scale bar: 40 μm.](oc9b01174_0002){#fig2}

Next, we assessed the efficiency of antigen capture by the APCs in LNs using flow cytometry. DCs are critical APCs that efficiently process internalized antigens into peptide-MHC complexes (pMHC), which are required for eliciting T cell immune responses.^[@ref9],[@ref33]^ PNE vaccine was captured efficiently by the DCs (CD11c^+^) in LNs with 14.0- and 17.7-fold higher mean fluorescence intensity (MFI) than that of the mixture of free SLP and adjuvant in the absence or presence of Montanide, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C). The antigen capture was further examined *in vitro* with bone-marrow-derived dendritic cells (BMDCs). Similar to the *in vivo* results, PNE(LEQ-Pam) exhibited a substantially higher level of antigen internalization compared to the simple mixture LEQ+Pam ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D--F). Slightly higher DC internalization of free Pam compared to free LEQ was likely due to the fact that Pam could self-assemble into some nanosized structures. In general, nanovaccines are known to be internalized more efficiently by APCs than soluble subunit vaccines.^[@ref12],[@ref13]^ Together, PNE efficiently delivers neoantigen vaccines to LNs and DCs for antigen capture and presentation.

Next, we examined the impact of PNE platform on antigen presentation. DC maturation is critical for DC functions including antigen presentation and expression of costimulatory molecules that are required for T cell stimulation. We collected BMDCs from C57BL/6 mice to assess the capacity of PNEs in converting immature DCs into mature DCs *in vitro* by monitoring the expression level of costimulatory markers (CD40 and CD80) with flow cytometry analysis ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A; [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)). PNE with copolymerized Pam promoted the stimulation of BMDCs to a similar level as monomeric Pam or the mixture of free LEQ and Pam. Importantly, BMDCs pulsed with PNE(LEQ-Pam) cross-primed the SII-antigen-specific naïve OT-1 CD8^+^ T cells with a greatly enhanced efficiency compared to monomeric SII or LEQ, or the simple mixture of short or long peptides with Pam, assessed by a 5(6)-carboxyfluorescein diacetate *N*-succinimidyl ester (CFSE) dilution assay ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B,C). We found that the redox-responsiveness of the PNE was crucial for enhanced cross-presentation as nondeg. PNE(LEQ-Pam) exhibited substantially lower efficiency of cross-priming of OT-1 CD8^+^ T cells ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)).

![*In vitro* BMDC maturation and antigen cross-presentation. (A) Frequencies of BMDCs expressing maturation markers (CD80 and CD40) treated with PNE(LEQ-Pam) vaccine or other indicated formulations. (B) Representative flow cytometry plots showing CFSE dilution and gating of the proliferated OT-1 CD8^+^ T cells cocultured with BMDCs pulsed with PNE or other indicated formulations. Naïve OT-1 T cells were labeled with CFSE (1 μM for 10 million cells) in the beginning of the assay. (C) Counts of proliferated OT-1 CD8^+^ T cells. \**P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001; \*\*\*\* *P* \< 0.0001. (D) Confocal microscopic images of BMDCs incubated with fluorescently labeled PNE(LEQ-Pam) or the mixture of free LEQ and Pam. LEQ was labeled with Alexa Fluor 647 (red); the endolysosomes were stained with LysoTracker (green); the nuclei were stained with Hoechst (blue). Scale bar: 5 μm.](oc9b01174_0003){#fig3}

To understand the mechanism by which PNE could promote the cross-presentation of SLPs, we tracked the intracellular trafficking of SLPs delivered by PNE(LEQ-Pam) by labeling the antigen peptides with Alexa Fluor 647 and monitoring the antigen localization in BMDCs using confocal microscopy ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). Upon 24 h of coincubation of BMDCs and PNE(LEQ-Pam), a significant amount of antigens (red) were found dis-localized with endolysosomes stained with LysoTracker (green), and the signal in cytosol was sustained up to 48 h. By contrast, in BMDCs incubated with the mixture of free LEQ and Pam, a majority of the antigens stayed colocalized with endolysosomes, and the fluorescent signal of total intracellular antigens decreased rapidly after a 24 h incubation. Therefore, the responsive PNE facilitated the endosomal escape of the peptide antigens leading to subsequent MHC class I molecule loading and cross-presentation. Endosomal escape of SLPs was likely through the pH-buffering effect of the released cationic peptides and/or the endosomal membrane fusion with the lipopeptides (Pam).^[@ref34],[@ref35]^

Encouraged by the results showing enhanced LN targeting and cross-presentation of PNE, we next determined the T cell immune response and antitumor activity induced by PNE vaccination *in vivo*. C57BL/6 mice were immunized subcutaneously with one prime (day 0) and 2 boosts (day 14, 28) vaccinations of PNE(LEQ-Pam) (containing 15 nmol of LEQ and 5 nmol of Pam), or the mixture of equivalent doses of LEQ and Pam in the form of solution or emulsion in Montanide ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Peripheral blood mononuclear cells (PBMCs) were collected 1 week after each immunization and stained with SII tetramer to examine the frequency of SII-MHC-I tetramer^+^CD8^+^ T cells. The simple mixture of LEQ and Pam induced a minimum T cell immune response with a mean frequency of SII-specific CD8^+^ T cells close to the background (0.77% SII-specific T cells among CD8^+^ T cells vs 0.44% in nonimmunized mice) after the second boost; the mixture emulsified in Montanide showed only modest improvement (0.60% SII-specific T cells among CD8^+^ T cells on day 35, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C). In contrast, PNE(LEQ-Pam) vaccine elicited a high frequency (6.00%) of SII-specific CD8^+^ T cells that was 7.8- and 10-fold higher compared to the mixture of LEQ and Pam in solution and Montanide, respectively (day 35, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C). The majority (87.9%) of the elicited antigen-specific CD8^+^ T cells by PNE(LEQ-Pam) exhibited effector memory phenotype (CD44^high^CD62^Llow^) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). Notably, PNE vaccines remarkably expanded the antigen-specific T~EM~ cells to a number 10.5- and 22.8-fold greater than that of the mixture of LEQ and Pam in solution and Montanide, respectively (day 35, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). Importantly, mice immunized with PNEs also showed markedly increased frequency of Granzyme B-secreting CD8^+^ T cells, which was 9.0- and 14.8-fold higher than that in mice immunized with the mixture of LEQ and Pam in solution and Montanide, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F), suggesting that PNE vaccination also enhanced the cytotoxicity of CD8^+^ T cells. Furthermore, on average 35.1% of the CD8^+^ T cells in PBMC produced effector cytokines, such as interferon-γ (IFN-γ) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}G), indicating the increased effector functions. In addition to the model antigen SII, the PNE(ELE-Pam) vaccine against adpgk ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 6), a neoepitope identified in MC38 murine colon adenocarcinoma,^[@ref36]^ also exhibited increased antigen-specific CD8^+^ T cell response compared to the mixture of soluble peptide and adjuvant ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)).

![PNE(LEQ-Pam) vaccine elicited potent antigen-specific CD8^+^ T cell response. (A) C57BL/6 mice were vaccinated with PBS, LEQ+Pam, (LEQ+Pam)-Montanide, or PNE(LEQ-Pam) on day 0, 14, and 28. The peripheral blood was collected 7 days after each vaccination. Mice were subcutaneously challenged with YUMM1.7-OVA cells (5 × 10^5^) on day 37 (*n* = 5 independent animals each group). (B) Representative flow cytometry plots showing the frequencies of SII-specific CD8a^+^ T cells from the PBMCs on day 35. (C) Average frequencies of SII-specific CD8^+^ T cells in peripheral blood on day 7, 21, and 35. (D) Representative flow cytometry plots showing the frequencies of CD44^high^CD62L^low^ T~EM~ cells among SII-specific CD8^+^ T cells. (E) Counts of SII-specific CD8^+^ T~EM~ cells on day 35. The frequencies of Granzyme B^+^ (F) and IFN-γ^+^ T cells (G) in CD8^+^ T cells in the peripheral blood were measured 7 days after the second and third vaccination by intracellular staining. The data show mean ± SEM from a representative experiment (*n* = 5). (H) Tumor growth curves of each group in the prophylactic experiment. (I) Survival rate of mice in each group. The statistical analyses between groups were performed by one-way ANOVA for flow cytometry data and Log-rank test for survival curves; \* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001; \*\*\*\* *P* \< 0.0001.](oc9b01174_0004){#fig4}

The markedly enhanced vaccination efficiency by PNE motivated us to evaluate its antitumor efficacy. The immunized mice were challenged subcutaneously with YUMM1.7-OVA cells (5 × 10^5^), a murine melanoma cell line expressing OVA antigens. Mice immunized with PNE(LEQ-Pam) vaccine showed significantly delayed tumor growth ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}H) and prolonged survival ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}I). Notably, 2 out of 5 mice exhibited durable cures for at least 100 days post-tumor-inoculation. These two survivors maintained 1.90% and 1.35% antigen-specific CD8^+^ T cells in the PBMC which were mostly central memory cells ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)) providing durable protection. In addition, in a more challenging therapeutic setting, C57BL/6 mice were first inoculated with YUMM1.7-OVA tumor cells (5 × 10^5^ cells), followed by multiple vaccinations with PNE or the mixture of equivalent doses of LEQ and Pam in the form of a solution or emulsion in Montanide ([Figure S12A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)). It is notable that mice treated with PNE vaccines exhibited a significantly enhanced capacity in inhibiting tumor growth and extending the survival of treated mice compared to the vaccine of mixed antigen and adjuvant in Montanide ([Figure S12B,C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf)).

Conclusions {#sec3}
===========

In summary, we have demonstrated a responsive PNE as a facile, effective, and versatile vaccine platform for the delivery of peptide neoantigens to enhance personalized cancer immunotherapy. PNE is a highly modular system permitting the copolymerization of peptide antigens and molecular adjuvants of diverse structures and properties, which is a highly desired property as individually identified neoantigens from patients could vastly differ in physiochemical properties. We envision that this new strategy can be readily extended to the codelivery of multiple heterogeneous epitopes in form of SLPs, proteins (e.g., whole tumor cell lysate), or replicon mRNAs/DNAs encoding the neoepitopes. Implementation of various responsive chemistries in the linker-monomer (monomer B) could potentially impart different responsiveness to the PNEs facilitating triggered release of antigens and/or adjuvants by intracellular stimuli including pH change, reactive oxygen species, protease, etc.

Direct assembly of peptide or protein antigens relying on noncovalent assembly^[@ref37]−[@ref41]^ or disulfide cross-linking^[@ref42],[@ref43]^ without carriers is actively being pursued as reported in some elegant studies recently. Such "carrier-free" approaches including ours have the unique advantage of minimizing the potential risk of using additional carrier materials whose own immunogenicity and safety profile have to be determined before clinical applications.^[@ref20],[@ref44]−[@ref47]^ The PNE approach described here based on a highly efficient covalent conjugation of amines in DMSO or aqueous solution does not require the use of any denaturing conditions such as heating and, therefore, showed high promise for the delivery of a wide range of individualized neoepitopes with good compatibility.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscentsci.9b01174](https://pubs.acs.org/doi/10.1021/acscentsci.9b01174?goto=supporting-info).Additional experimental details, data, and figures including synthetic strategy, PNE preparation and characterizations, *in vitro* and *in vivo* assays, statistical analysis, and safety consideration ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01174/suppl_file/oc9b01174_si_001.pdf))
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